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I.  INTRODUCTION 


Most  carbon  and  graphite  materials  originate  in  the  pyrolysis  of  organic 
precursors  derived  from  oil  or  coal,  and  the  critical  stage  in  establishing 
the  layered  molecular  architecture  is  the  transition  through  the  liquid- 
crystalline  state  known  as  the  carbonaceous  mesophase.  The  extensive 
"chicken-wire"  molecules  formed  by  aromatic  polymerization  are  stiff  and 
strong  in  their  layer  planes,  but  the  weak  bonding  between  adjacent  parallel 
layers  permits  turbostratic  stacking  (the  absence  of  crystalline  registry 
between  layers).  As  illustrated  by  Fig.  1,  the  layers  can  bend,  splay,  and 
twist  to  form  microstructures  quite  diffeient  from  those  of  other  ceramic 
materials. 

Various  processes  have  been  developed  to  form  carbon  into  filaments.1 
When  those  processes  also  produce  strong  preferred  orientations  of  graphitic 
layers  parallel  to  the  filament,  the  tensile  moduli  may  exceed  those  of  all 
competitive  fibers.  Although  the  most  conmonly  used  fibers  today  are  produced 
by  spinning  and  carbonizing  polyacrylonitrile  (PAN),  the  highest  tensile 
moduli  are  attained  in  fibers  spun  from  pitch  in  the  mesophase  (liquid 
crystalline)  state.  Both  fiber  types  represent  solutions  to  the  basic  micro- 
structural  problem  of  how  to  realize  the  strength  and  stiffness  of  the  two- 
dimensional  graphitic  layer  in  a  three-dimensional  body. 

Mesophase  carbon  fibers  exemplify  the  manipulation  of  basic  mesophase 
mechanisms  to  form  favorable  microstructure  in  carbon  products.^  The  struc¬ 
tural  details  generally  are  too  fine  to  be  resolved  by  the  pol  ar ized-l ight 
techniques  that  are  useful  for  such  mesophase  products  as  petroleum  coke. 
However,  tensile  fracture  of  the  high-modulus  fibers  occurs  with  extensive 
shear,  and  the  resulting  serrated  fracture  surfaces  provide  good  structural 
definition  for  SEM  observations.  The  filaments  in  Fig.  2  include  three  basic 
fiber  morphologies,  all  of  which  can  be  sketched  plausibly  in  terms  of 
mesophase  d i sc  1 inat i ons . ^ 
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Lamelliform  morphology  of  carbon  and  graphitic  materials. 
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II.  THE  CARBONACEOUS  MESOPHASE 


The  polar ized-1 ight  micrographs  and  layer  morphologies  of  mesophase 
spherules  formed  in  a  pyrolyzed  pitch  (Fig.  3),  although  now  familiar  to 
carbon  technologists,  may  seem  strange  to  metallurgists  or  ceramists.  The 
three-dimensional  layer  morphology  also  seemed  unlikely  to  G.  H.  Taylor,  who 
first  tentatively  proposed  that  structure  in  1961.-*  In  subsequent  work  with 
J.  D.  Brooks,®  he  applied  selected-area  electron  diffraction  to  confirm  what 
nas  come  to  be  known  as  the  Brooks  and  Taylor  structure.  Those  pioneering 
workers  then  went  on  to  demonstrate  that  the  mesophase  transformation  is  the 
basic  mechanism  determining  both  the  microstructure  and  graph i t izabil ity  of 
carbon  materials  produced  by  the  pyrolysis  of  organic  liquids."^ 

The  carbonaceous  mesophase  usually  appears  in  the  pyrolysis  of  tars  or 
other  organic  precursors  at  about  400°C,  at  which  point  polymerization  reac¬ 
tions  produce  large,  flat  molecules  with  weights  of  500  amu  or  higher.  The 
molecules  have  widely  varying  size  and  structural  detail,  but  their  parallel 
alignment  establishes  a  discotic  nematic  order  similar  to  that  of  conventional 
liquid  crystals  for  which  the  structural  units  are  rods  rather  than  discs. 
Mesophase  formation  may  be  viewed  as  a  liquid-state  ordering  transformation, 
but  the  molecules  align  only  approximately  parallel,  and  bend,  splay,  and 
twist  deformations  are  accommodated  with  little  strain  energy.®  Soon  after 
the  mesophase  spherules  appear,  bulk  mesophase  begins  to  form  by  the 
coalescence  process  illustrated  in  Fig.  4.  The  resulting  lamelliform  mor¬ 
phology  extends  throughout  the  body  without  interruption  by  grain  boundaries. 
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III.  MESOPHASE  MORPHOLOGY  AND  D1SCLINATION  STRUCTURES 


In  bulk  mesophase  observed  by  crossed  polarizers  (Fig.  5).  redes  and 

crosses  appear  as  prominent  features  of  the  polarized  light  extinction  con¬ 
tours.  The  nodes  and  crosses  rotate  either  with  or  against  the  plane  of 

polarization  when  tie  plane  of  polarization  (or  the  microscope  stage)  is 

rotated,  but  their  centers  remain  fixed  at  specific  points  on  the  polished 

surface  of  the  bulk  mesophase.  When  the  layer  orientations  are  mapped,  as  in 
Fig.  6,  the  nodes  and  crosses  correspond  to  disclinations  of  the  same  type  as 
those  observed  in  nematic  liquid  crystals.^  They  are  essentially  layer- 
stacking  discontinuities  that  result  from  the  ease  of  bend,  splay,  and  twist 
in  the  liquid  crystal.1^ 

Disclinations  are  rare  in  ordinary  crystalline  materials.  Figure  7 
indicates  the  reason:  The  distortions  at  the  core  of  a  crystal  disclination 
are  so  large  that  disclinations  are  prohibited  from  forming,  except  by  entrap¬ 
ment  mechanisms,  such  as  the  hardening  of  a  liquid  crystal.  Figure  7  also 
illustrates  how  a  Nabarro  circuit  (analogous  to  a  Burgers  circuit  for  a 
crystal  dislocation)  can  be  used  to  define  the  rotational  strength  of  a 
disclination. 

Models  of  the  wedge  and  twist  disclinations  commonly  found  in  the  car¬ 
bonaceous  mesophase  are  sketched  in  Fig.  8.  Under  observation  by  polarized 
light,  the  in  disclinations  appear  as  nodes  and  the  i2n  disclinations  appear 
as  crosses.  The  twist  disclination  represents  the  case  in  which  the 
disclination  line  runs  normal  to  the  Nabarro  rotation  vector. 

Knowing  the  way  mesophase  behaves  when  in  contact  with  carbon  fiber  is 
.mportant  to  the  fabrication  of  carbon-f iber-reinforced  carbon-matrix  com¬ 
posite  materials.  Mesophase  layers  normally  align  parallel  to  the  substrate 
i:  laments  to  produce  a  sheath  effect  (Fig.  9  >  that  dominates  the  formation  of 
m :  crostr  uct  jr  e  :r,  tn*’  matrix.  J  The  matrix  d  isci  :nat  ions  within  a  fiber 
bundle  car.  tr...s  be  readily  predicted  from  the  geometry  of  filaments  surround¬ 
ing  each  matrix  channel .  A  sketch  nf  d  -2'  d . sc i . rat i on  is  included  in  Fig.  9 
to  snow  that  the  cores  t  ♦«.*  disc,  mat  ior.«  need  not  be  discontinuous  as 
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Disciination  of  -n  rotational  strength  in  a  simple  cubic  crystal. 
Nabarro  vector  measures  rotation  of  lattice  vector  in  circuit  around 
disciination;  from  Ref.  3- 
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Schematic  models  for  the  wedge  and  twist  declinations  of  tne 
carbonaceous  mesophase;  from  Ref.  3. 


sketched  in  Fig.  8;  instead,  the  layers  of  the  core  tilt  to  form  a  saddlelike 
conf igurat ion . 


Fig.  9. 


Mesophase  alignment  within  a  fiber  bundle;  from  Ref.  13. 


IV.  MESOPHASE  DEFORMATION  AND  DISCLINATION  REACTIONS 


The  presentation  of  this  paper  included  a  seven-minute  film  prepared  by 
hot-stage  microscopy,  to  demonstrate  the  dynamic  aspects  of  mesophase 
Dehavior.  The  film,  made  by  M.  Buechler  and  C.  B.  Ng  of  our  Materials 
Sciences  Laboratory,  summarizes  their  observations  of  mesophase  coalescence, 
disclination  reactions,  and  mesophase  reformation  in  the  pyrolysis  of  a 
petroleum  pitch  (Ashland  A240) . 1 4 ^  [The  film  is  available  at  cost  ($25),  in 
either  16-mm  film  or  VHS  videocassette,  by  application  to  the  address  given  on 
the  cover.]  The  various  structural  phenomena  appear  with  good  clarity  at  a 
free  surface  because  the  mesophase  layers  preferentially  stand  perpendicular 
to  the  surface. 

Over  sixty  years  ago,  Friedel1^1  showed  that  all  possible  reactions 
Between  tn  and  ±2 it  d iscl  inat ions  can  occur  in  conventional  nematic  liquid 
crystals;  they  also  occur  in  the  carbonaceous  mesophase,  including; 

Annihilation  and  formation  reactions,  (±2n)  +  (+2n)  ^  0 

Combination  and  dissociation  reactions,  (±u)  +  (±n)  ^  (±2n) 

As  pyrolysis  proceeds,  the  viscosity  rises  and  the  disclination  reactions  slow 
well  before  the  mesophase  hardens  to  a  coke.  The  spatial  geometry  of  reac¬ 
tions  between  d  iscl inat ions  of  different  order,  e.g.,  (in)  +  (?2n  )  ^  (+n), 

1  7 

has  been  studied  by  sequentially  sectioning  quenched  mesophase.  Such 
reactions  consist  of  three  d iscl inat ions  meeting  at  a  reaction  point  whose 
direction  of  motion  determines  the  direction  of  the  reaction  (Fig.  10). 

Mesophase  flow  is  fundamental  to  mesophase- fiber  spinning  and  needle-coke 
formation  as  well  as  to  the  disci ination-structure  formation  within  the 
products.  Mesophase  rods  can  be  drawn  by  uniaxial  deformation  to  produce 
fibrous  morphologies  consisting  of  nearly  pure  wedge  disclination  lines 
running  parallel  to  the  draw  direction.  Biaxial  deformation,  as  experienced 
by  the  wall  of  an  expanding  bubble,  produces  lamellar  morphologies  with  folded 
mesophase  layers;^  as  sketched  in  Fig.  11,  the  folds  are  bounded  by  dis- 
clinations  that  vary  from  pure  twist  to  pure  wedge.  If  the  depicted  disclina¬ 
tion  loop  subsequently  undergoes  extension,  it  can  deform  to  a  pair  of  closely 
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A  folded  region  in  bulk  mesophase  can  be  represented  as  a 
disclination  loop.  Uniaxial  deformation  alters  the  spacing  ad 
character  of  the  d isci inat ions ;  from  Ref.  3- 
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plate  (Fig.  ’2),  essential  ;y  a  disci  i nat ion -free  single  liquid  crystal  ,^u  the 
oriented  rios  aicrig  trie  cracus  ir.  tne  carter,  i  zed  specimen  evidence  the 
rriicrostr-ucture  to  be  stab.  .  ized  to  a  d>ptr,  of  "7  wm  from  any  crack  with  access 
to  the  oxygen  atm.ospr.»..-re . 

!  r  similar  oxidation  and  carbon iz at  ion  experiments  on  drawn  mesophase 

rods,  i .  lust  rated  by  Fig.  13.  the  depth  of  stabilization  was  indicated  by 

coarser,  i  tig  of  the  fibrous  microstructure  .  As  with  the  magr  .-t  ;cal  ly  orient  ed 
mesophase,  oxidation  proceeded  to  equivalent  depths  from  the  free  surface  and 
from  cracks  with  access  to  oxygen.  Insufficiently  oxidized  mesophase  melted 
jfit  was  often  driven  from  within  the  oxidized  casing  by  the  pressure  of 
pvm Vises.  !n  ail  mesophase  specimens ,  the  oxidation  process  showed 
;t  r  >.,>  :  hr  g  power  along  the  shrinkage  cracks  that  result  from  anisotropic 


We  recently  extended  our  stabilization  experiments  to  mesophase- 
impregnated  fiber  composites  for  which  the  mismatch  in  thermal  expansion 
between  fiber  and  mesophase  forces  an  extensive  network  of  shrinkage 
cracks.^1  Composite  panels  as  thick  as  8  mm  have  been  stabilized.  Although 
oxidation  levels  higher  than  15  wtj  were  involved,  the  oxygen  was  evolved  from 
the  matrix  during  carbomzat  ion  without  damage  to  fiber  or  matrix  and  without 
loss  in  net  carbon  yield. 


VI.  DISCUSSION 


Our  understanding  of  the  mesophase  and  its  microstructures  is  still 
rudimentary,  but  observations  of  deformation  effects  and  disclination  reac¬ 
tions  are  sufficient  to  suggest  how  the  quite  different  fiber  morphologies  of 
Fig.  2  originate.  The  extensive  draw  involved  in  filament  spinning  must 
produce  a  dense  array  of  wedge  d iscl i nations  lying  within  easy  reaction 
distance.  The  extent  to  which  reactions  occur  depends  on  viscosity  and  rate 
of  cooling  after  spinning.  Under  conditions  of  low  viscosity  and  gentle 
quench,  disclination  annihilation  reactions  may  proceed  to  completion,  leaving 
a  single  +2t\  wedge  disclination  at  the  center  of  a  radial  filament;  upon  car¬ 
bonization,  the  characteristic  open  wedge  is  formed  by  mesophase  shrinkage 
perpendicular  to  the  layers.  The  random-core  filament  results  from  higher 
mesophase  viscosity  and  more  severe  quenching  to  trap  an  appreciable  number  of 
disci inations  to  form  the  random  core.  The  oval  filament,  then,  represents  an 
intermediate  state  of  disclination  reaction  that  leaves  two  +n  wedge 
di scl inations  separated  by  an  oriented  core;  the  oval  shape  results,  again, 
from  anisotropic  mesophase  shrinkage  during  carbonization. 

The  essential  elements  of  a  mesophase  technology  can  now  be  perceived  for 
the  preparation  of  carbon  materials  having  controlled  disclination  arrays. 
Following  the  path  developed  empirically  for  mesophase  carbon  fibers,  that 
technology  consists  of  manipulating  the  mesophase  in  its  plastic  state  to  form 
desired  disclination  structures,  then  oxidizing  the  mesophase  to  stabilize  the 
shape  and  microstructure  for  carbonization.  How  far  such  paths  can  be  pursued 
to  produce  useful  products--penci 1  leads,  to  offer  a  very  practical  example — 
depends  critically  on  questions  of  mesophase  behavior  that  have  not  yet 
received  careful  scrutiny;  for  example,  What  determines  the  formation  of 
distributed  shrinkage  cracks  instead  of  massive  fractures  when  a  mesophase 
body  of  complex  microstructure  is  carbonized? 

This  discussion  of  disclination  structures  has  been  developed  entirely  in 
terms  of  the  carbonaceous  mesophase.  Disci inations  must  also  be  anticipated 
in  carbons  formed  by  processes  other  than  the  mesophase  transformation,  e.g., 
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from  the  glass-forming  precursors  used  to  produce  PAN-based  carbon  fibers. 
From  extensive  studies  by  high-resolution  electron  microscopy,  Oberlin  and 
cowork ers^  have  proposed  the  disclinated  model  of  Fig.  14  for  PAN-based 
carbon  fiber.  What  distinguishes  that  model  from  the  mesophase  carbon  fibers 
are  the  close  spacing  of  disclinations  and  the  fine  elongated  porosity  that 
appears  to  limit  those  fibers  to  lower  density  levels. 


WEDGE  DISCLINATIONS 
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Fig.  14.  Structural  model  for  PAN-based  carbon  fiber;  after  Guigon  ot  al. 
(Ref.  22). 
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l.AB<>kAT>  »RV  OPKkA  I  IONS 


The  Aerospace  Corporation  functions  as  an  "archi  t*-ct  -t-'V,  meer  lor 
national  security  projects,  specializing  in  advanced  ">ilitary  space  systems. 
Providing  research  support,  the  corporation’s  Laboratory  Operations  .  eiducts 
experimental  and  theoretical  investigations  chat  focus  on  the  app  i  *  •  -,  1 1  •  >n  • . t 
scientific  and  technical  advances  to  such  systems.  Vital  t  >  t  f;e  si.  ..es,  of 
these  investigations  is  the  technical  staff’s  wide-ranging  expertise  ano  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  .-tina d 
a  research  program  aimed  at  dealing  with  the  many  problems  assoc i at eo  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  t  ?.*.• 
research  effort  are  these  individual  1 aborator ies : 

Aerophysics  Laboratory:  Launch  vehicle  and  reentrv  fluid  ms  Urn  s,  he, it 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contaminat ion ,  thermal  and  structural 
control;  high  temperature  thermomechanics ,  gas  Kinetics  and  radiation,  w  and 
pulsed  chemical  and  excimer  laser  development  including  chemical  Kinetics, 
spectroscopy,  optical  resonators,  bean  control,  atmospheric  propagat i on ,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  r«- a.  tions, 
atmospheric  optics,  light  scattering,  scat e  -spec i t ic  .hernial  r»M.  t i .ns  and 
radiative  signatures  of  missile  plumes,  sensor  out  -of  -field  of  -view  r-;ection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoeIe.tr  ones,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and. 
euv i r onment a  1  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  t fans lu ion, 
per f or mane e -sens i 1 1  ve  system  design,  distributed  archi tec t ures  lor  sptrehorne 
•  omputers,  ! au 1 1 -t o 1 erant  computer  systems,  artificial  i nt e 1 l i geuce ,  mi.Ti 
electronics  app  1  ic  at  ions  ,  communication  protocols,  and  computer  secant.’. 

h  1  e.-  t  roe,  i  c  s  Reseaj  vh  Laboratory:  Mi  c  roe  l  e  t  r  on  i  c  s  ,  so  1  l<1  -s  t  a  t  ••  device 
phvsics,  compound  semiconductors,  radiation  hardening;  e 1 e.t ro -opt i cs ,  puntum 
electronic^,  solid-state  lasers,  optical  propagation  and  common i car i ons ; 
ni-rowave  semiconductor  d»*vices,  mi »  rowave  'mi  1  i  imet  er  wave  measurement  s  , 
d  i  a  g  nos  r  i  •  ■  s  and  radiometrv,  microwave  mi  I  l  imeter  wave  Lhermimic  devices, 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  e 1 ec t r  imagnet i  ■: 
propagat  mn  phenomena,  space  common i cat  ion  systems. 


Materials  Sciences  laboratory:  !'»eve lopment  of  new  materials:  metals, 
all  >vs  ,  cerami.’s,  polvmers  and  their  composites,  and  new  :  »rms  »;  carb  >n ,  n  m 
iestrmtive  evaluation,  component  failure  analysis  and  reliability,  frutvire 
me  Anil's  and  stress  vorrosi  m  ;  analysis  and  evaluation  of  materials  it 


isogenic  and  elevated  temperatures  as  well  as  in  spa. e  and  enemy -indue* 


bp.ii  e  Scien.es  Laboratory:  Magnet  osphe  r  i  c  ,  auroral  and.  cosmic  rav 
I'1  \  sics,  wave -part  ic  1*.  i  nt  er  a  ■  t  i  ons  ,  magnet  ospher  i  c  plasma  waves  .  itmosph^ri. 
and  l"  .rospfn-r  l  c  phvsi  s,  density  at’d  c  >mp  os  1 1  l  on  of  the  upper  1 1  .mo^phe  r  «•  , 
remote  sensing  using  atmospheri.  radiation,  solar  phvsits,  intrired  a-.ti 


